Abstract-The problem of automatic gain control (AGC) for DFE (decision feedback equalization) read channels is addressed. We analyze an existing AGC algorithm that uses slicer input for deriving the gain error signal and show that it suffers from ambiguity in the control direction of AGC loop due to the presence of feedback equalizer. This could result in slow convergence and possible instability problems. A new AGC scheme has been proposed to overcome this ambiguity and it uses the sign of the forward equalizer output instead of slicer input to control the AGC loop direction. Simulation results show good acquisition and tracking performances of the new scheme under noisy circumstances.
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I. INTRODUCTION
A UTOMATIC gain control (AGC) plays a very important role in read channels used in magnetic recording applications. AGC helps to stabilize the dynamic range of the signal supplied to the filter sections and detector of the read channel. Since the actual gain in the channel output is not known, one needs to devise clever ways to obtain information on the real gain error for driving the AGC loop. The approach used for obtaining the gain error will depend on the type of detection principle used for recovering the data bits (e.g. peak detection, decision feedback equalization (DFE), partial response). In the partial response case, the gain error is derived based on the error obtained from a multi-level slicer at the output of the equalizer [1] . In peak detection schemes, the gain error is derived by comparing the average read-pulse amplitude against a known reference [2] . In this paper, we consider the case of DFE detectors. Derivation of gain error by comparing the forward equalizer input to a desired reference was reported in [3] . However, in DFE schemes, it appears more natural and convenient to use the error at the slicer input (see Fig. 1 ) for deriving the gain error. Recent publications on multi-level DFE (MDFE) follow this approach [4] - [6] . In this paper, we first show that the sign of the error at the slicer input may not always reflect the sign of the real gain error due to the presence of decision feedback. In [4] - [7] , bit decisions are used to correct this sign. However, we show that it still fails to give the correct sign. This could cause ambiguity in the control direction of AGC loop and possible instability problems.
In this paper, we propose a new AGC scheme for DFE read channels, which overcomes the above ambiguity. We also prove the stability of this scheme, and present a simple implementation approach. We use MDFE for our study here. However, the proposed scheme can be easily configured for any DFE channel.
II. DIRECTION AMBIGUITY IN CURRENT AGC SCHEME
We examine the AGC scheme reported in [4] - [6] where the gain error is derived based on the error at the slicer input. This is a decision directed algorithm. Further, since the ideal slicer input in MDFE has 4 levels, the gain error is derived using samples which correspond to transitions in the data bits [5] , [6] . Fig. 1 shows the structure of this AGC scheme. The input of AGC loop filter is given by if
Using and , this can be further expanded as if (2) where is the real gain error, is the ideal output of forward equalizer, is the ideal gain normalized to 1, and is the actual gain. For AGC loop to work properly, it is necessary that the sign of is same as that of . But, we note from (2) that is data-pattern dependent, namely, sign sign sign
Hence, it may happen that the sign of is different from that of the real gain error . For example, suppose , resulting in . Then, for the AGC loop to function properly, we must have But, it can be easily shown that for a Lorentzian channel with user density 2.50 and 9 feedback taps, the data pattern results in . That is, even though the gain is smaller than the desired value 1, the AGC 0018-9464/00$10.00 © 2000 IEEE loop is being driven to decrease it further instead of increasing it. This ambiguity in the control direction will slow down the convergence and may cause possible instability problems in the AGC loop.
III. NEW AGC SCHEME
We note from (3) that the ambiguity in the control direction of AGC loop occurs whenever the forward equalizer output and decision are of opposite sign. We recall from [1] that even though an equation similar to (1) is used to derive the gain error in partial response scheme, such an ambiguity does not occur there since the signs of equalizer output and slicer output are always identical. In the DFE case, however, these signs can be different because of the presence of the feedback equalizer. Whenever the data pattern is such that and sign sign , then the forward equalizer output and decision will be of opposite signs, resulting in the control direction ambiguity. Here, denotes the output of feedback equalizer.
It follows from (3) and the above discussion that the control direction ambiguity can be resolved if we use the sign of forward equalizer output instead of slicer input to control the AGC loop direction. Thus, we get the new AGC loop input as sign sign if (4) Clearly, we have sign sign and the ambiguity problem is overcome. Fig. 2 shows the structure of the new AGC scheme, which uses an extra slicer to obtain the sign of forward equalizer output.
IV. STABILITY ANALYSIS OF NEW AGC SCHEME
We choose a first order loop filter given by (5) where is the loop gain. The model for the gain-controlled amplifier is chosen to be (6) where and is the output of the loop filter [7] , [8] . It is well known that VGA amplifiers with exponential characteristics could maintain a more stable AGC loop bandwidth than that with linear type [9] .
If the loop is stable, then should approach zero in the limit if the channel gain is a constant (or slowly time-varying). To verify this, let and . From (5) and (6) we have (7) Taking the derivative of with respect to time , we get (8) It can be shown that (9) with a positive value. Then it follows from (7) and (9) Thus, the overall gain will converge to a constant, implying that the AGC loop is stable. If , i.e., , from (4) and (5) we get (12) Hence, it follows from (6) that (13) Equation (9) implies that will increase exponentially. Hence, in finite time the overall gain will satisfy (14) V. IMPLEMENTATION ISSUES Compared to the earlier AGC scheme given in Fig. 1 , the structure of the new AGC scheme given in Fig. 2 requires an extra slicer for correcting the sign of AGC loop input. If the sample and hold in the original detector is at the slicer input, then it is necessary to have another sample and hold for the slicer at the forward equalizer output. We are assuming a fully analog implementation. We now show that a simple digital logic can be designed to replace this extra hardware required.
As mentioned already, the sign ambiguity in the AGC control direction occurs only when sign . In other words, if we can detect the instances at which sign occurs, we can correct the ambiguity problem in the original AGC scheme by replacing the decision in (1) by . This can be done by taking a close look at the outputs of forward and feedback equalizers for different data patterns. For example, for a Lorentzian channel at user density 2.5 and 9 feedback taps, the condition sign will occur if the data pattern assumes any of the following:
Then the occurrence of sign can be identified using the following logic (15) Though we can simplify the hardware by using the above logic, we have the following remarks on this. First, since the bit decisions tend to be more unreliable at very low signal to noise ratios (SNR), the reliability of the above logic in detecting the occurrences of sign will suffer under low SNR's. Second, the logic given above is a function of the channel characteristics and the number of feedback taps.
VI. SIMULATION RESULTS
The dynamic behavior of the proposed AGC scheme for acquisition and tracking has been studied using computer simulations. For the sake of illustration, we present the results for a bad condition where the original gain in the channel is only 20% of the ideal value. The AGC scheme in Fig. 1 failed to work under this situation. Fig. 3 shows the acquisition and tracking performances of the new AGC scheme. Observe that the output of the gain-controlled amplifier converges fast to its steady state value 5. To illustrate the tracking performance, we changed the gain in the channel at instant = 1000 from 0.2 to 0.4. Observe that the new scheme responds fast to reach the new steady state value 2.5.
VII. CONCLUSION
A new AGC scheme for DFE read channels is proposed and the loop stability analysis is given. Simulation results show that the new scheme has good acquisition and tracking performances under noisy circumstances.
